Abstract. We propose a new positioning system based on the received signal strength (RSS) fingerprinting approach. The RSSs of LEDs are influenced by some ambient parameters, such as radiation pattern, incidence angle, attenuation coefficient, multipath fading and so on. And these factors degrade the performance of some existing range-based localization approaches significantly. To overcome this drawback, we prestore the RSS measurements of different grids by offline training phase. In the online localization phase, we compare the instantaneous RSS with the prestored RSS measurements using correlation matching technique. Our proposed approach can improve the accuracy of localization significantly without calibration process. The simulation results show the efficacy of our approach.
Introduction
White light emitting diodes (LEDs) have been widely used because of lighting efficiency, eco friendliness, and lifetime. The visible light communication (VLC) based on LEDs can be used as lighting system and communication system simultaneously. Indoor localization system based on visible light communication has many advantages including low cost, high data rate, and high accuracy. For such reasons, indoor positioning systems using VLC have recently gained popularity as effective alternatives [1] .
Many approaches have been proposed for indoor localization using LEDs including TOA-based [2] , TDOA-based [3] , AOA-based [4] , and mixed-based localization approaches [5] . All the listed approaches decrease the errors of localization to some extent. However, most of them need calibration of received power or some auxiliary devices in their localization process. Comparatively speaking, the localization technique based on RSS measurements of LEDs can be easily implemented and it has low cost with slightly low accuracy [6] . Some existing RSS-based approaches need calibrate the received power to improve the estimate accuracy of range [1] . The calibration process not only makes the localization system impractical in practice but also brings other errors to the localization results.
Additionally, the RSSs of LEDs are influenced by some ambient parameters, such as radiation pattern, incidence angle, attenuation coefficient, multipath fading and so on. And these factors degrade the performance of some existing range-based localization approaches significantly. To avoid the calibration process, we present a RSS fingerprinting based localization approach to improve the accuracy of indoor localization system. The steps of our approach are as follows: firstly, we prestore the RSS measurements of different grids by offline training phase; sencondly, in the online localization phase, we compare the instantaneous RSS with the prestored RSS measurements using correlation matching technique. And the estimates of target nodes are given by searching the maximum value of correlation coefficient. Our proposed approach can improve the accuracy of localization significantly without calibration process. The simulation results show the efficacy of our approach.
Related Work
The received power P r in a light-of-sight environment can be expressed as
where P t is the average transmitted optical power, d is the distance between the transmitter and receiver, and ϕ and ψ are radiation and incidence angles with respect to the transmitter and receiver, respectively. Transmitter radiant intensity R(ϕ) and effective signal collection area I(ψ) can be written as
where m = − ln 2/ ln(cos ψ 1/2 ) is the order with ψ 1/2 being the transmitter semi-angle. A, T g (ψ), and T c (ψ) are physical area of detector, gain of the optical filter, and concentrator gain, respectively. From Equations (1), (2), and (3), we know the distance d may be given bỹ
Obviously, it is a difficult task to estimate the distance d between transmitter and receiver accurately from P r because the received power is influenced by several factors. The current of the photo detector, i P D , at the receiver is generated in proportion to the received optical power with a certain sensitivity, to simplify the expression ofd, we havẽ
where P RF is the RF power received from receiver and C RF is the RF power constant related to the optical-to-electrical conversion efficiency. The P RF means the received power under normal conditions, which refers to when only the normal radiation and incidence are considered. The RF power satisfies
In a real VLC link, the received RF power is affected by the radiation and incidence angle. Hence, (5) can be modified as
where G r (ϕ) and G i (ψ) are the normalized radiation and incidence gains of a transmitter and a receiver with respect to ϕ and ψ, respectively. The characteristics of G r (ϕ) and G i (ψ) can be modeled as Lambertian property as follows
where
. It is worthy to point out that the optical attenuation factors are not considered in (5) . In general, the range estimate is larger than the real range. Hence, a weighted calibration method is proposed to calibrate the estimated range as follow [1] 
) n , 0 ≤ n < 1 with C n being a normalizing postive constant. In order to obtain a more accurate estimate ofd, one needs to search a optimal n in the region of 0 ≤ n < 1 using some optimization techniques.
Consider that we have M transmitters with known coordinates 
. . .
The matrix form of (9) can be expressed as
The location estimate of receiver can be solved from (10) using linear least squares (LLS) [7] , weighted least squares (WLS) [8] , or two-step weighted least squares (2WLS) techniques [9] , and so on.
The proposed approach
Fingerprinting-based approach Fingerprinting-based localization for LED in indoor environment is a new and very active field currently. The key idea of fingerprinting is that each location has a set of unique features, and this set of features or the ''print'' will be used to identify a specific location. In order to use this methodology, we should divide the indoor environment into N grids based on the requirement of localization accuracy. Then the process of RSS fingerprinting can be divided into the following primary phases: (on a grid) in the area of interest, signal measurements are taken from M transmitters to produce the associated RSS fingerprints
. The observation data s j is the received power P r from (1). That is to say, we use the original received power without any calibration process. Then the fingerprints are collected to construct a "radio map", which is stored in a database prior to the localization process. We denote the database as
Online Localization Phase:
Assuming that the receiver locates in grid i. Upon arrival of a signal, the received power at this point can be given by
is extracted and compared to the radio map using one or more pattern matching techniques (e.g., k−nearest neighbours, correlation matching or distance minimization, etc.).
Correlation matching technique:
We consider the correlation matching technique in the selection process. The receiver location is estimated as [x i ,ŷ i ] by selecting the best match grid point in the "radio map". The correlation coefficient is computed by
The maximal index can be found by maximizing the coefficient vector
The location estimate of receiver is given by (x,ŷ) = F t (1 : 2).
Simulation Results
The interesting space has dimensions of 60 cm × 60 cm × 60 cm. The transmitters consist of 9 LEDs with coordinates (0, 0, 60), (30, 0, 60), (60, 0, 60), (0, 30, 60), (30, 30, 60), (60, 30, 60) , (0, 60, 60), (30, 60, 60) and (60, 60, 60). In order to apply VLC to indoor localization without inter-cell interference, we transmitted different carriers in different transmitters, we generated four 0.25-Ms/s QP-SK signals with 2 MHz, 2.5 MHz, 3MHz, and 3.5 MHz carriers for the four different transmitters. The parameters are listed as follows. In (5), C RF = 7.8 × 10 3 [cm 4 · mW] and the calibration factor n = 0.7286 in (8) were used in our experiment. The normalized constant is set to 60. In the offline training phase, we assumed that the receiver was located at the ground and we made a grid with equal spacing of 3cm. We placed the receiver at each point on the grid and recorded the received power from the four transmitters to construct a database F. Note that we directly store the received power into the database without any calibration process.
In order to show the effectiveness of our approach, we compare the performance of our approach with some other range based approaches, such as, WLLS [8] , LLS [7] , 2WLLS [9] , and the calibration approach [1] . It is worthy to point out that the estimated ranges of all the range based approaches are obtained from the calibrated range. i.e., we use the range estimates (8) instead of (5) as inputs for the different range based approaches.
In the online localization phase, we assume that the receiver locates at (30, 30, 60). Then the real ranges between the receiver and the transmitters can be calculated using (5) . Firstly, we compare the Mean Square Errors (MSEs) of different approaches when SNRs vary from 5 dB to 30 dB with equal spacing of 5 dB. The SNR is defined as 10 log 10 1/σ 2 n . We compute the RMSE base on 1000 independent runs. The RMSEs of the range based approaches and our proposed approach versus different SNRs are shown in Fig. 1. In Fig. 1 , it is seen that the proposed fingerprinting based approach is superior to the other range based approaches in different SNR cases. Among the range based approaches, the calibrated approach has the worst performance because it is severely influenced by the estimated calibration factor n. Based on the same range estimate, 2WLLS gives a more accurate estimate than WLLS and LLS approaches. 
Conclusion
We considered a LED localization problem in indoor environment. A fingerprint based approach is proposed to improve the accuracy of localization of LED receiver. Compared with some existing approaches, the proposed approach does not need any calibration process for range estimation. And the accuracy of LED localization can be further improved by selecting smaller grid distance. Unlike some existing range based approaches, the proposed approach is never affected by the errors from the range estimation. The main burden of our approach comes from building the radio map. Some low rank matrix completion algorithms and interpolation methods can be used to overcome the shortcoming, which will be researched in our next work.
